In this study we show that macrophages (Mf) are latently infected with murine cytomegalovirus (MCMV). After clearance of acute MCMV infection, the predominant form of chronic infection in Balb mice is latency rather than persistence. Peritoneal exudate cells (PECs) from latently infected Balb mice (3-9 months postinfection) contained MCMV genome and reactivatable virus. Adherent cells from both resident and thioglycollate-elicited PECs carried more MCMV DNA (measured by PCR) than nonadherent cells, and were selectively enriched for Mf. FACS sorted F4/80 / Mf contained MCMV DNA, while other FACS sorted cell populations from PECs were never positive for MCMV DNA. MCMV reactivated from FACS sorted F4/ 80 / Mf in 32% of cocultures with murine embryonic fibroblasts (MEFs). Since Mf carry MCMV genome and reactivatable virus, but not lytic virus, they are latently infected with MCMV. We determined the frequency of Mf carrying MCMV genome in PECs (about 1/50,000) using a limiting dilution PCR assay. Using this frequency and estimates of the total amount of MCMV genome in populations, we estimate that latently infected Mf carry 1-10 copies of MCMV genome. To evaluate the origin of latently infected Mf, we compared the frequency of cells carrying MCMV genome in the resident and elicited PECs. The frequency of Mf carrying MCMV DNA was the same in resident and thioglycollate-elicited PECs, despite the fact that there was a ninefold increase in the number of Mf recovered after thioglycollate elicitation. This argued for recruitment of bone marrow-derived Mf (BMMf) carrying MCMV genome into the peritoneum during inflammatory responses. Consistent with this hypothesis, MCMV genome, but not persistent virus, was detected in bone marrow cells from latently infected mice. ᭧ 1997 Academic Press
INTRODUCTION
MCMV transcripts (Yu et al., 1995; Yuhasz et al., 1994) . Indeed, many studies have argued that little or no infec-While healthy individuals carry human cytomegalovitious MCMV is present in chronically infected mice (Merrus (HCMV) DNA in the absence of disease, HCMV is a cer et Balthesen et al., 1993; Jonjic et al., 1994; significant pathogen during immunosuppression or preg-Mayo et al., 1978; Jordan, 1980) , despite the presence of nancy (Britt and Alford, 1996) . Understanding the cellular MCMV DNA in multiple organs (Klotman et al., 1990 ; and molecular basis of chronic CMV infection will require Balthesen et al., 1993; Pomeroy et al., 1991;  Pollock and definition of the nature of chronic infection (persistence Virgin, 1995) . Recently we showed that the predominant versus latency), identification of cells carrying latent viform of chronic MCMV infection in Balb/c mice is latency rus, analysis of the latent CMV transcriptional program, rather than persistence by demonstrating lack of detectand definition of the role of the immune system in latency able preformed infectious MCMV in organs that conand reactivation. We have approached these problems tained reactivatable MCMV and abundant MCMV geusing MCMV, a suitable small animal model for HCMV nome (Pollock and Virgin, 1995) . The lack of detectable (reviewed in Vieira et al., 1994; Mocarski, 1996) . virus detected in organs during latency argues against Several studies have addressed the nature of chronic lack of release of preformed viral particles as a mecha-MCMV infection. Transcriptional activity from the MCMV nism of latency (Fish et al., 1996 (Fish et al., , 1995 . Reactivation from immediate early 1 (ie1) gene, or other genes, has been latency occurs in vitro in tissue explants (Jordan and Mar, detected in mice recovered from acute MCMV infection 1982; Mercer et al., 1988; Olding et al., 1975; Wilson et (Henry and Hamilton, 1993; Yuhasz et al., 1994; Yu et al., al., 1985; Cheung and Lang, 1977; Mayo et al., 1978; 1995) . This data is consistent with persistent infection, Pollock and Virgin, 1995) and in vivo when latently inexpression of these gene products during latency, or fected mice are immunosuppressed (Shanley et al., 1979 ; abortive reactivation. While these findings have been Jordan et al., 1977; Jordan, 1980; Balthesen et al., 1993) used to argue for persistence as a form of chronic MCMV or when latently infected cells are transferred to severe infection, studies have not demonstrated infectious virus, combined immunodeficient (SCID) mice (Pollock and Virthe defining hallmark of persistence, in organs harboring gin, 1995) .
Since chronic MCMV infection in Balb/c mice is pre-for defining latently infected cells. Latently infected cells Viruses and virus stocks carry the MCMV genome without producing infectious MCMV Smith strain was obtained from the American virus and retain the ability to reactivate infectious virus.
Type Culture Collection Lot 10) . Tissue culture Efforts to identify latently infected cells in mice chronipassaged MCMV (tcMCMV) stocks were generated and cally infected with MCMV have implicated B lymphocytes stored as previously described (Heise and Virgin, 1995) . (Olding et al., 1975; Jordan and Mar, 1982) , stromal cells Salivary gland MCMV (sgMCMV) stocks were made from (Mercer et al., 1988; Pomeroy et al., 1991) , and Mf (Brausalivary glands of 8-week-old Balb mice infected intraper tigam et al., 1979) as potential sites of latency. Studies itoneally (i.p.) with 1 1 10 5 PFU tcMCMV 17 days prior of chronic infection with HCMV have shown that the Mf to harvest as previously described (Pollock and Virgin, lineage is a likely source of latently infected cells in 1995). seropositive persons (see Discussion). We favor the hypothesis that tissue latency is best explained by the emigration of latently infected cells into tissues since (i)
Mice, mouse infections, and cell harvests blood cells are well known to transfer latent CMV infec-Balb/c mice (National Cancer Institute, Frederick, MD) tion, (ii) infiltrating cells are prominently infected in immuwere infected i.p. with 1-2 1 10 4 PFU sgMCMV and nocompromised host tissues (Nelson et al., 1990; Gnann rested for 3-9 months to establish latent infection. Peritoet al., 1988) , and (iii) the amount of replicating MCMV in neal cells were obtained from untreated mice or from a tissue during acute infection does not predict the mice injected i.p. with 2-3 ml 3% thioglycollate (Bectonamount of latent viral genome present in a tissue during Dickinson, Cockeysville, MD) solution 3 days prior to chronic infection .
sacrifice. PECs were harvested by peritoneal lavage We show here that adherent and FACS-sorted inflam- (Heise and Virgin, 1995) . matory Mf from latently infected mice harbor MCMV DNA in the absence of detectable preformed infectious virus. MCMV reactivated from FACS-sorted inflammatory Cell purification F4/80 / Mf cocultured with MEFs. We used PCR, and limiting dilution PCR, to estimate the frequency of latently Both adherence and FACS sorting were used to purify cells. For adherence, PECs were plated at 1 1 10 6 cells/ infected Mf in vivo and the approximate copy number of the MCMV genome in Mf from latently infected mice. ml in 175-cm 2 flasks (Sarstedt) in R10. Following 30-33 hr incubation at 37Њ with 5% CO 2 , flasks were gently Since we found that resident and inflammatory Mf carry MCMV genome with similar frequencies, and inflamma-washed and nonadherent cells collected. Adherent cells were scraped in a minimal volume of phosphate-buffered tory Mf are bone marrow-derived, we reasoned that the Mf might obtain MCMV genome in the bone marrow saline (PBS). Adherent and nonadherent cells were pelleted, counted, and prepared for PCR analysis, cytospin, during latency. In support of this hypothesis we found that bone marrow from latently infected mice contains and FACS analysis. For FACS sorting, PECs were stained as previously described (Heise and Virgin, 1995) with the MCMV genome 3-9 months postinfection. These data demonstrate that Mf are latently infected with MCMV, following exceptions. PECs were stained on ice with F4/ 80, a Mf-specific monoclonal antibody (MAb) (Austyn and are consistent with dissemination of latent Mf, derived from the bone marrow, as a source of organ latency.
and Gordon, 1981) , and biotinylated anti-MHC class II (Pharmingen, San Diego, CA), biotinylated anti-CD54 (ICAM-1; Pharmingen), or preconjugated anti-B220-phy-MATERIALS AND METHODS coerythrin (Pharmingen) in the presence of PBS with 2% FCS. All MAbs were adjusted to 20 mg/ml for staining Cells and tissue culture media except F4/80 hybridoma supernatant which was undiluted for staining. Secondary antibodies used were FITC-All media contained 100 U/ml penicillin and 100 mg/ ml streptomycin (Biofluids, Rockville, MD), 1% glutamine conjugated goat anti-rat IgG (Caltag, San Francisco, CA) and phycoerythrin-conjugated streptavidin (Molecular (Biofluids), and 10 mM N-2-hydroxyethylpiperazine-N-2ethanesulfonic acid (HEPES; Biofluids) and £0.025 ng/ml Probes, Eugene, OR). Cells were sorted on a FACS Vantage (Becton-Dickinson, San Jose, CA) or analyzed using endotoxin. MEFs were generated by cultivation of minced Balb/c mouse embryos (Days 14-16) in Dulbecco's Mod-a Coulter Epics flow cytometer (Coulter, Miami, FL). Unsorted FACS-stained and F4/80-sorted cell populations ification of Eagle's Medium (DMEM; Mediatech, Washington, DC), 10% fetal calf serum (FCS; HyClone, Logan, were counted in the presence of trypan blue by hemocytometer prior to plating in reactivation studies. To charac-UT). MEFs were used during initial passaging or thawed from frozen stocks. All MEFs were used before their 5 th terize cells following adherence and FACS sorting, cytospin differential counts were performed on Wright's passage. PECs were harvested in HBSS 1% FCS (HBSS/). Freshly isolated murine Mf were cultured in stained preparations as previously described (Heise and Virgin, 1995) . RPMI 10% FCS (R10).
Reactivation in vitro
following nested PCR is as sensitive as Southern blotting (Pollock and Virgin, 1995) . Prior to assessing reactivation, tissues and cells were analyzed for the presence of infectious MCMV by sonicat-Estimation of the frequency of cells carrying ing to kill cells and culturing the resultant sonicate on MCMV genome MEF monolayers for 14 days as previously described (Pol- To determine the frequency of cells carrying MCMV lock and Virgin, 1995). To assess reactivation, 5 1 10 5 to genome, we adapted published methods to detect 1 1 10 6 PECs or purified Mf were cocultured with 0.5-MCMV genome in serial dilutions of cells (Miyashita et 1 1 10 5 MEFs. Cocultures were maintained in R10 with al., 1995; Eron et al., 1992) . Cells were diluted in water media changes every 3-4 days for at least 50 days. Reacso that each reaction tube received either 1 1 10 3 , 3.3 tivation was tested by transfer of cultured medium to fresh 1 10 3 , or 1 1 10 4 cells, followed by addition of an equal MEF monolayers which were observed for cpe (Pollock volume of lysis buffer (100 mM KCl, 20 mM Tris-HCl (pH and Virgin, 1995) . Media from all wells without cpe after Å 8.3), 5 mM MgCl 2 , 1% Nonidet P-40, 1% Tween 20, and 50 days were transferred to MEF monolayers to confirm 0.02% Proteinase K). An average of 25 PCR tubes per the absence of infectious MCMV, and cells were collected cell concentration were analyzed. Cells were lysed at 56Њ for DNA isolation and nested PCR analysis.
for 12-48 hr in lysis buffer followed by a 15-min incubation at 95Њ to inactivate proteinase K. PCR cocktail was Quantitation of MCMV DNA added directly to each lysate with adjustments in the KCl, Tris-HCl, and MgCl 2 , so that final PCR reaction Cell and organ DNA from naive or latent animals was conditions were as previously described (Pollock and prepared as described (Pollock and Virgin, 1995) with . Nested PCR was performed on each sam-QIAamp Tissue kit (Qiagen, Chatsworth, CA) followed by ple and reaction products were visualized by ethidium two phenol-chloroform extractions and ethanol precipitabromide staining. Within every PCR reaction, negative tion. DNA samples were resuspended in 10 mM Tris with controls included 3-10 reactions with lysis buffer or wa-1 mM EDTA (TE) and quantitated using DNA-specific ter only. Positive controls in each PCR experiment in-Hoechst dye (Cytoprobe DNA Assay kit, Millipore, Bedcluded reactions with either 1, 10, and 10 4 -10 5 copies ford, MA). We previously showed that ie1 target plasmid of pAMB25 added to lysis buffer alone or lysed cells. could be efficiently recovered when added to naive tissue These positive controls demonstrated that the level of samples prior to DNA preparation (Pollock and Virgin, sensitivity within every nested PCR reaction was the 1995), demonstrating that MCMV sequences are effisame and that the presence of cells within the reactions ciently recovered and not selectively lost during preparadid not inhibit detection of MCMV genome. tion of DNA. DNA samples were adjusted to 0.1 mg/ml with water, and serial dilutions were performed using RESULTS carrier tRNA (Sigma, St. Louis, MO) at 0.1 mg/ml in water. The amount of MCMV genome within a DNA sample Quantitation of MCMV genome during latency was estimated by entering dilutions into a nested PCR (Pollock and Virgin, 1995) . The number of plasmid mole-Although MCMV DNA is found in many organs during latency (Pollock and Virgin, 1995; Klotman et al., 1990;  cules was calculated using the length of the plasmid in base pairs (bp), the assumption of 660 g/mol/bp, and Balthesen et al., 1993; Pomeroy et al., 1991) , we and others have shown that the amount of MCMV genome Avogadro's number. Primers, buffers, and PCR conditions were as previously described (Pollock and Virgin, 1995) .
within organs can vary (Pollock and Virgin, 1995; Yuhasz et al., 1994; Balthesen et al., 1993) . Elevated levels of Sensitivity was determined by adding known numbers of copies of plasmid pAMB25, which contains the major MCMV genome in an organ may reflect an increase in latently infected cells or an increase in the number of immediate early genes of MCMV (Koszinowski et al., 1986) , and performing nested PCR. Murine DNA samples MCMV genomes per latent cell. To identify latently infected cells, we therefore developed both a quantitative which were negative for MCMV genome were tested with primers for murine b-actin or murine cathepsin G gene nested PCR assay for MCMV genome content (this section) and a limiting dilution PCR assay to determine the and contained amplifiable DNA sequences (data not shown). We assumed 2.7 1 10 9 bp per haploid mouse frequency of cells carrying latent genome (below). We previously showed that by using nested PCR under genome or 1 mg of DNA per 172,000 diploid murine cells (Lewin, 1990) . The range of cellular DNA tested per reac-optimal conditions, the presence of an MCMV-specific PCR product was all or none as detected by ethidium tion was 1 ng to 1 mg DNA (c.a. 172 to 172,000 cell equivalents of DNA) per reaction. Reaction products bromide or Southern blot (Pollock and Virgin, 1995) . This is presumed to be due to the extensive amplification were electrophoresed and stained with ethidium bromide to detect ie1-specific product. Previous studies showed afforded by the second (nested) round of PCR. This assay therefore has the advantage that it does not assume that use of ethidium bromide to detect reaction products genome by PCR and reactivatable virus. To define the cell type carrying latent MCMV in PECs, thioglycollate-elicited PECs were harvested, counted, and divided for differential counts, preparation of total DNA, and adherence assays. Adherent and nonadherent cells were harvested and samples were taken for FACS analysis, differential counts, and preparation of DNA. DNA from adherent PECs contained significantly more MCMV genome than DNA from nonadherent cells, while adherent and total cells had similar MCMV genome content ( Fig. 2A) .
Cellular components of total, adherent, and nonadherent cells were quantitated by differential counts. Ninetysix percent of adherent thioglycollate-elicited PECs possessed classic Mf morphology (Table 1) , and no other shown). Nonadherent cells contained fewer Mf than either total or adherent PECs, and were about fivefold enriched for lymphocytes. Since MCMV genome was enlinear amplification of MCMV sequences for quantitation.
riched in adherent compared to nonadherent PECs, the In addition, we showed by mixing plasmid containing the data is most consistent with Mf carrying MCMV ge-MCMV ie1 gene (pAMB25) with murine cells prior to nome. Adherence studies were repeated using resident DNA isolation that target DNA is quantitatively recovered PECs. Adherent resident PECs were 93% F4/80 / by imduring DNA isolation (Pollock and Virgin, 1995) . Using munofluorescence, 92.7 //0 0.5% F4/80 / by FACS analynested PCR, we compared detection of MCMV sesis, and 90.8% Mf by differential analysis (Table 1) . quences in samples containing dilutions of pAMB25
Again, adherent resident PECs, selectively enriched for added to control DNA and dilutions of DNA from latently Mf, carried more MCMV genome than nonadherent cells infected cells. We used the frequency of detection of ( Fig. 2B ). MCMV sequences in these dilutions as a measure of MCMV genome content.
FACS sorted F4/80 / Mf from latently infected mice We quantitated the sensitivity of nested PCR for decarry MCMV genome tecting MCMV sequences by adding known copy numbers of pAMB25 to nested PCR reactions ( Fig. 1 ). Nested
To test the hypothesis that Mf carry MCMV genome, PCR detected 1 copy of pAMB25 in 80/168 (48%) of reac-FACS sorting was performed as an independent method tions, and 10 copies in 211/220 (96%) reactions. Control (Fig. 3 ). Thioglycollate-elicited PECs were stained with samples containing DNA from normal cells or water were F4/80 and either anti-MHC class II, anti-B220 (mouse positive in 3/350 (õ1%) reactions over the course of CD45), or anti-ICAM1 (mouse CD54, Fig. 3A ). Cells were these experiments, demonstrating that the false-positive FACS sorted in five separate experiments as follows: (1) rate of our assay is very low. To verify the reproducibility F4/80 / ICAM1 / versus F4/80 0 ICAM1 / populations (two of the assay and the validity of the standard curve in Fig.  experiments) , (2) F4/80 0 B220 / versus F4/80 / B220 0 pop-1, we tested multiple plasmid stocks, tested both linear ulations (one experiment), or (3) F4/80 0 MHC Class II / and circular supercoiled plasmid (Pollock and Virgin, versus F4/80 / MHC Class II / populations (two experi-1995), quantitated plasmid DNA in multiple dilutions, and ments). These conditions were selected so that MCMV performed multiple dilutions with defined numbers of DNA content could be compared between Mf and other copies of target plasmid per reaction. With this assay in major cell types in PECs [B cells, NK cells, granulocytes, hand we proceeded to purify cell populations from laand other lymphocytes, (Coffman, 1982;  Ballas and Rastently infected mice and determined MCMV genome conmussen, 1993; Heise and Virgin, 1995) ]. tent.
Twenty-six postsort analyses across the five experiments showed that F4/80 / populations (e.g., Fig. 3A , right Adherent peritoneal cells (enriched for Mf) are panel) were 95.8 //0 0.4% pure with 0.6 //0 0.1% concarriers of MCMV DNA tamination from the F4/80 0 populations (Table 2) . Differential counts showed that 89% of F4/80 / cells were Mf To assure that we analyzed latent cells, we waited 3 to 9 months post MCMV infection (Pollock and Virgin, 1995) .
( Table 1) , while an additional 6% were either monocytes or lymphoblasts by morphology. We could not always Initial experiments showed that both resident and elicited PECs from latently infected Balb/c mice contained MCMV distinguish monocytes and lymphoblasts on morphologic criteria. F4/80 / cells contained MCMV DNA at levels F4/80 / Mf are the major cell type in thioglycollate-elicited PECs which carry MCMV genome. comparable to total PECs (Fig. 3B) , demonstrating that positively selected F4/80 / Mf carry MCMV genome. Over the five experiments, F4/80 0 cells (e.g., Fig. 3A, left Reactivation of MCMV from PECs and sorted panel) never contained detectable MCMV genome. All F4/80 / Mf samples from F4/80 0 cells tested positive for PCR amplification of actin sequences (Pollock and Virgin, 1995; not Studies in both adherent and FACS-sorted cells showed that Mf carry MCMV genome during latency. We therefore shown). F4/80 0 cells were enriched for lymphocytes and neutrophils and contained less than 1% Mf (Table 1) . evaluated reactivation of MCMV from PECs and sorted F4/ 80 / Mf in long term cocultures with MEFs as previously Since F4/80 0 cells did not contain detectable MCMV genome and were enriched for cell types other than Mf, described (Pollock and Virgin, 1995) (Table 3) . To assure a These numbers were derived from the following number of experiments: total resident, n Å 5; adherent resident, n Å 3; nonadherent resident, n Å 3; total thioglycollate, n Å 7; adherent thioglycollate, n Å 3; nonadherent thioglycollate, n Å 3; sorted F4/80 / , n Å 4; sorted F4/80 0 , n Å 6. In all cases smears were read in a blinded fashion by J.P.
b Monocytes could not always be dependably distinguished from lymphoblasts on morphologic grounds. c PECs harvested 2-3 days after intraperitoneal administration of thioglycollate. d Date is pooled from all five sorting experiments.
FIG. 3. Purification of Mf by FACS sorting. (A)
PECs were stained with ICAM and F4/80 (center) and gated to select ICAM/, F4/800 cells and ICAM/, F4/80/ cells. Samples from each selected population were analyzed at multiple times during the sorting procedure to determine purity. A typical example is shown of F4/80/ sorted cells (right) and F4/800 cells (left). (B) Nested PCR of sort purified populations was performed. DNA from each sample was diluted in tRNA and tested for presence or MCMV ie1 DNA. DNA samples were tested an average of 7 times per dilution from 5 separate experiments. All samples which were negative for MCMV DNA were positive for amplification when tested in a PCR for mouse actin. that cell populations did not contain detectable preformed creased. As a control for possible alteration of reactivation frequency by FACS staining, we stained cells but did not infectious virus on the day of harvest, we sonicated PECs and cultured samples with MEFs as described (Pollock sort them. FACS staining did not appreciably alter reactivation frequency. FACS sorted F4/80 / peritoneal Mf reacti-and Virgin, 1995). An average of 6 1 10 6 PECs were analyzed per culture in a total of 19 cultures and none con-vated in 6/19 cultures. Thus, F4/80 / peritoneal Mf carry both MCMV genome and reactivatable virus, but not de-tained infectious MCMV. These experiments showed that PECs did not carry detectable infectious MCMV during tectable preformed infectious virus, and are therefore latently infected with MCMV. latency. To assess reactivation, cell populations were cultured with MEFs for 50 days or until reactivation led to complete cpe. Culture media were tested by transfer to Resident and thioglycollate-elicited PECs carry MCMV MEF monolayers (Pollock and Virgin, 1995) twice weekly genome at similar frequencies to detect infectious virus. All cell populations containing Mf reactivated MCMV (Table 3 ). The frequency of reactiva-We next addressed the possibility that Mf entering the peritoneum in response to thioglycollate-induced in-tion was increased when the PECs per culture were in- flammation carry MCMV genome. By comparing the fre-mice per group (a total of five mice evaluated) and tested 14 to 36 reactions per dilution of cells. Reactions with quencies with which Mf carry MCMV genome in resident and elicited PECs, we could determine whether Mf fewer than 1 1 10 4 cells were also performed to demonstrate that the frequency of positive reactions diluted out in elicited PECs carry MCMV genome. The frequency with which Mf carry MCMV genome was determined with the number of cells per reaction (not shown). From the initial three experiments, we found that samples con-by adding serial dilutions of resident and thioglycollateelicited PECs to multiple PCR tubes, lysing the cells, taining 10 4 resident PECs contained detectable MCMV genome in 37/101 (37.6%) reactions (Table 5 , experi-and assaying for MCMV genome by nested PCR for ie1 sequences. To quantitate PCR sensitivity in the presence ments 1-3). Since we efficiently detect a single copy of the MCMV genome, we estimate that a cell containing of cell lysates, 1 or 10 copies of plasmid carrying ie1 sequences were added to lysis buffer, or 10 3 -10 4 MCMV MCMV genome is present in about 1 cell/27,000 PECs (10 4 /.376). We then determined the frequency of cells genome-negative cells, and assayed by nested PCR (Table 4). One copy of plasmid was detected 67% of the carrying MCMV genome in thioglycollate-elicited PECs. Testing 10 4 elicited cells per reaction, 32/85 reactions time in lysis buffer alone and 59% of the time in tubes containing 10 4 PECs or bone marrow cells. Ten copies (37.6%) were positive for the presence of the MCMV genome. Thus, in the initial three experiments, the fre-of plasmid were detected 100% of the time in lysis buffer alone and 97% of the time in samples containing 10 4 quency of MCMV genome positive cells in resident and thioglycollate-elicited PECs was comparable. However, cells. We therefore efficiently detect one copy of MCMV sequence in samples containing lysates from up to 10 4 between different experiments variation in frequency was seen. This variation was not explained by differences in cells.
To estimate the frequency of MCMV genome-positive latent mice (dose, time after infection).
To avoid mouse to mouse variation, and recover elic-cells in resident PECs from latently infected mice, 10 4 resident PECs were assayed per reaction a total of 101 ited PECs with less contamination by resident PECs, we harvested resident PECs and thioglycollate-elicited PECs times (Table 5 ). We used one to three latently infected from the same animal (Table 5 , experiments 4-8). Resi- The frequency of cells carrying the MCMV genome was determined by dividing the number of positive reactions by the total number of cells tested (reactions 1 cells/reaction).
c Thioglycollate-elicited PECs. d Number in parentheses indicates the number of mice in that experiment. e Number in parentheses indicates the fold increase in PECs from resident PECs. In dual harvest experiments, fold increase was determined based on the number of resident PECs even though resident PECs had been depleted in those studies. dent cells were harvested from anesthetized mice by removed the majority of resident PECs from these mice. Twenty-four hours after initial lavage, mice were injected gentle passage of HBSS through the peritoneum. We recovered approximately as many resident PECs using i.p. with thioglycollate. Three days later, mice were sacrificed and elicited PECs were harvested. Resident and this method as we recovered after sacrifice and peritoneal lavage (Table 5 , compare PECs/mouse in experi-elicited PECs were counted and analyzed by limiting dilution PCR. A total of five mice were tested in this fashion. ments 1-3 versus 4-8). This indicates that we effectively To determine MCMV genome content, we performed at least 3 separate serial dilutions and performed a total of 3-18 PCRs per dilution of DNA. The frequency of detection of MCMV genome in these dilutions was compared to the standard curve for detection of pAMB25 (see Fig. 1 ), and the MCMV genome content per cell equivalent of DNA determined using the amount of DNA that was positive in 50% of PCRs.
c Thioglycollate-elicited PECs.
In these five mice 23/143 (16.1%) reactions containing infected cell in PECs, Mf which carry MCMV during latency contain about 1-10 copies of MCMV genome. 10 4 cells were positive for resident PECs, while 19/160 (11.9%) reactions remained positive following depletion of resident PECs and elicitation of a Mf infiltrate. The DISCUSSION fact that resident and elicited PECs carry genome at
We demonstrate that murine Mf are latently infected comparable frequencies in these studies shows that infilwith MCMV 3 to 9 months postinfection. Evaluation of trating Mf carry MCMV genome. Across all eight experilatency 3-9 months after infection decreased the chance ments 1/40,000 resident PECs carried genome, while 1/ that persistent MCMV infection, which may last up to 1-50,000 elicited PECs carried genome (Table 5) (Brautigam et al., 1979) . Since tory Mf are bone marrow derived (see Discussion), we resident and inflammatory Mf carry MCMV genome in hypothesized that the bone marrow was one likely source similar amounts, and with similar frequencies, we hyfor Mf carrying MCMV genome. Bone marrow cells were pothesized that Mf carrying MCMV genome originate in harvested and tested for persistent virus as previously the bone marrow. Consistent with this hypothesis, we described (Pollock and Virgin, 1995) . Four to six months found MCMV genome, in the absence of detectable inafter infection, 20 samples (from 40 mice) containing an fectious MCMV, in bone marrow cells from latent mice. average of 1.4 1 10 7 cells were sonicated, cultured with These data do not address the possibility that MCMV MEFs, and found not to contain any detectable preformed may be latent in cell types in addition to Mf (Olding et infections virus. Twenty of twenty samples from the same al., 1975; Jordan and Mar, 1982; Mercer et al., 1988 ; mice contained MCMV DNA when bone marrow cell DNA Pomeroy et al., 1991) , but do provide proof that Mf are was evaluated by nested PCR. We evaluated the frelatently infected with MCMV. Latent cells carried about quency of cells carrying MCMV genome in bone marrow 1-10 copies of MCMV genome. and found it to be similar to the frequency of genome bearing cells in inflammatory Mf. While we have not
Mf are latently infected with MCMV identified Mf progenitors as cells with MCMV DNA in Previous work suggested Mf, B cells, and stromal the bone marrow, presence of viral genome in the bone cells (Brautigam et al., 1979; Mercer et al., 1988 ; Pomeroy marrow is consistent with the bone marrow as a site Jordan and Mar, 1982; Olding et al., 1975) latency and the number of MCMV genomes per cell positive reactions in order to calculate frequencies from from latently infected mice primarily single events. The total amount of MCMV genome was determined by serially diluting cellular DNA,
We used a limiting dilution PCR assay to quantitate the frequency of Mf carrying MCMV genome during la-performing nested PCR for MCMV ie1, and comparing the results to a standard curve (Fig. 1) . Sixteen experi-tency. The frequency of detection of one copy of pAMB25 in lysate from cells is not significantly different from that ments were performed on either thioglycollate-elicited PECs or total bone marrow cells. The range of MCMV predicted by the Poisson distribution (59 versus 63% predicted). Since a latently infected cell must carry at least genome copies per cell was from 0.4 to 4.6 ( Table 6 ). Bone marrow cells were analyzed in 11 experiments, and one copy of the genome, the assay can therefore detect latently infected cells. We estimated that 1/40,000 to 1/ we estimate 2.1 //0 1.4 copies per cell. For PECs, five experiments were performed and we estimate 1.5 //0 50,000 PECs contains MCMV genome during latency ( Table 5 ). This estimated frequency is similar to estimates 1.1 copies per cell. Since the Mf is the major latently of the number of B cells carrying EBV genome in circula-cytes contain HCMV DNA in seropositive individuals (Taylor-Wiedeman et al., 1991) . Monocyte/Mf carriage tion in seropositive people, which ranges from 1/16,000 to 1/434,000 with an average frequency 1/80,000 (Miyas-of CMV genome is not likely to be due to productive infection (this report and Pollock and Virgin, 1995; Taylor-hita et al., 1995) . To estimate the number of copies of MCMV genome per latently infected cell, the frequency Wiedeman et al., 1994) . DNA for both viruses can be found in bone marrow (this report and Maciejewski et of cells carrying genome was compared to the total amount of genome present (Table 6 ). The resulting esti-al., 1992; Minton et al., 1994; Kondo et al., 1994; Yuhasz et al., 1994) . As predicted for a cellular site of long term mate of 1-10 copies of genome per latent cell supports our earlier conclusion that MCMV is predominantly latent latency, granulocyte/Mf progenitors are relatively resistant to lytic infection with both MCMV (Busch et al., 1991;  rather than persistent in Balb/c mice (Pollock and Virgin, 1995) . We expect that cells actively replicating MCMV Gibbons et al., 1995; Petursson et al., 1984) and HCMV (Sing and Ruscetti, 1990; Minton et al., 1994 ; Maciejewski would contain significantly more than 1-10 copies of genome per cell. Kondo et al., 1994; Simmons et al., 1990) . HCMV genome can replicate in granulocyte/Mf progeni-Origin of Mf carrying MCMV genome during latency tors in the presence of ganciclovir, demonstrating that this lineage can harbor CMV genome without ongoing The finding of latent MCMV in tissue Mf does not persistent infection (Kondo et al., 1994) . This is consistent alone explain life-long latency. Mf in the mouse are with a model in which Mf obtain MCMV genome in the predicted to turn over completely in the peritoneum or bone marrow, perhaps from progenitor cells, and then other organs about every 40-80 days (van Furth, 1970;  disseminate to tissues establishing systemic latency. van Furth and Cohn, 1968) . Unless latently infected Mf have a survival advantage in tissue over normal Mf [e.g.,
Multiple roles of Mf during MCMV infection via MCMV blockade of apoptosis (Zhu et al., 1995) ], prolonged tissue latency could only be explained by addi-Mf play a variety of roles during CMV infection. They tional longer lived latent cell types or replenishment of are a primary cell type in inflammatory exudates elicited latent tissue Mf. One potential source of latent cells to by MCMV infection (Heise and Virgin, 1995) , their activareplenish latent tissue Mf would be circulating monotion/differentiation is altered during acute CMV infection cytes. A role for Mf in dissemination of MCMV during (Heise and Virgin, 1995; Price et al., 1987) , and they are acute infection has been suggested (Stoddart et al., 1994;  important for disseminating CMV infection (Bale and Bale and O'Neil, 1989; Collins et al., 1994) . These Mf O'Neil, 1989; Stoddart et al., 1994; Saltzman et al., 1988 ; might obtain viral genome in the bone marrow since Collins et al., 1994) . Last, both HCMV and MCMV utilize MCMV and MCMV genome-positive cells are present in the monocyte/Mf lineage to harbor viral genome during bone marrow during acute infection (Bale et al., 1987;  latency. Elucidating the mechanisms responsible for Yuhasz et al., 1994) . A similar process might disseminate acute and chronic interactions between CMV and the latently infected Mf for a prolonged period after infec-Mf lineage is an important goal, since it may present tious virus is cleared.
opportunities for prevention or treatment of CMV disease We therefore considered the hypothesis that peritoin immunocompromised hosts. neal Mf carrying MCMV genome during latency were bone marrow-derived. We found that the MCMV genome
